Abstract There is debate concerning the mechanism of Eustachian tube (ET) ventilation. While a mechanism of complete opening has been advocated previously, sequential contraction of the levator veli palatini and medial pterygoid muscles followed by the tensor veli palatini and lateral pterygoid muscles may produce a transient sequential opening mechanism, allowing an air bolus to traverse the ET. This may explain confusion surrounding sonotubometry reports that not every swallow leads to sound passage in normal subjects. We hypothesize that the ET may not need to open completely when ventilating the middle ear; rather, a discrete air bolus can pass through it. Five normal and Wve disordered subjects underwent low-radiation dose cine computed tomography (CT) scans of the ET. Sixteen contiguous 2.5 mm slice locations were chosen through a 4 cm area in the nasopharynx that were parallel to and encompassed the entire ET. Twelve images were acquired at each slice over 4.8 s during swallowing and other tasks. Serial images were analyzed. An air bolus was observed passing through the ET in the normal subjects, but not the subject with ET dysfunction. Medial and lateral pterygoid contractions were also observed. A new hypothetical mechanism of transient sequential ET ventilation is presented. This is not a deWnitive conclusion, as the number of scans taken and maneuvers used was limited. Improved understanding of ET ventilation may facilitate management of middle ear disease as treatment evolves from ventilatory tube placement to ET manipulation.
Introduction
The Eustachian tube (ET) plays an important role in protection, clearance, and ventilation of the middle ear. It consists of an osseous posterolateral portion and a Wbrocartilaginous anteromedial portion [1, 2] . Opening of the tube during swallowing, yawning, or with mandibular movement allows for ventilation of the middle ear and equilibration of pressure changes between the middle ear and environmental atmosphere.
ET dysfunction, the inability to equalize middle ear and atmospheric pressure, is an important factor in the pathogenesis of middle ear disease [3, 4] . While the speciWc cause of ET dysfunction is not known, potential etiologies include alteration of mucociliary function [5] , allergy, laryngopharyngeal reXux, cleft palate, adenoidal hyperplasia, increased compliance or Xoppy ET [6] , and primary mucosal inXammatory disease [7] . If left untreated, ET dysfunction can lead to a lack of middle ear aeration which can cause cholesteatoma, chronic otitis media, hearing loss with language delay in children, chronic tympanic membrane perforations, and tympanic cavity atelectasis [8] . Patulous ET is characterized by aural fullness, autophony, and hearing one's own breathing [9] [10] [11] .
Conventional surgical methods of treating middle ear disorders caused by ET dysfunction have utilized a transtympanic approach and insertion of a myringotomy tube. Recently, transnasal endoscopic interventions that address the underlying issue of ET dysfunction have been introduced with promising preliminary results. Laser Eustachian tuboplasty [12] and microdebrider tuboplasty [7] have both been shown to improve otitis media with eVusion. Insertion of an implant to treat a patulous ET has also been performed with promising results [13] . It is important to reconsider and more precisely deWne the mechanism of ET opening as these new procedures are popularized in order to maximize treatment beneWts.
The speciWc role of muscles involved in ET ventilation remains controversial [14] . The contributions of the levator veli palatini muscle (LVPM) and medial pterygoid muscle to ET opening have not been completely deWned. The LVPM runs inferior to the ET for its entire cartilaginous portion and forms a sling with Wxed insertions at the petrous apex of the temporal bone and at the midline of the soft palate [15, 16] . Finkelstein et al. concluded that the LVPM functions only in closure of the velopharynx, but not in opening of the ET, since patients with isolated pathology of the LVPM did not exhibit abnormal middle ear pressure. The tensor veli palatini muscle (TVPM) was deemed the sole tubal dilator [17] . Though the LVPM may not be responsible for ET opening, it may contribute to the shape of the ET lumen [18] . Sudo et al. proposed that the TVPM may open the posterior cartilaginous portion while the LVPM opens the pharyngeal side of the ET [16] . This was supported by evidence from Honjo et al. who found that electrically stimulating the LVPM opened the pharyngeal oriWce of the ET [19] . Stimulation did not, however, produce middle ear ventilation. A possible role of the medial pterygoid has been supported by some authors [14, 20] and disputed by others [21, 22] . Contributions of the TVPM, LVPM, and medial pterygoid may be needed for complete function of the ET, with sequential contraction contributing to a segmental passage of air from the nasopharynx to the middle ear.
Results obtained from ET function testing may also point toward other alternative mechanisms of ET ventilation. Holmquist et al. [23] found adequate aeration but no sound passage during swallowing in 34% of normal subjects undergoing sonotubometry. This could not be explained by medical history, otoscopy, or tympanometry. Okubo et al. [24] reported that ET opening occurred only in 65% of children during swallowing, concluding that the ET does not necessarily open during swallowing and also that opening depends on the type of swallowing. While a mechanism of complete opening along the length of the ET may not explain such anomalous Wndings, alternative mechanisms may provide additional insight. To further investigate the mechanism of ET opening, we performed low-radiation dose sequential (cine) CT scans of the ET during swallowing and additional tasks which trigger ET opening.
Materials and methods
This study was approved by the Institutional Review Board of the University of Wisconsin-Madison and conducted in accordance with the ethical standards set forth by the Declaration of Helsinki. Eight male and two female subjects were recruited to participate. Five subjects had normal ET function, three had ET dysfunction, and two had patulous Eustachian tubes ( Table 1) . One of the normal subjects and one of the subjects with patulous Eustachian tubes could perform auto-ventilation with volitional jaw movement. Subjects in the normal group were without ear disease and provided verbal conWrmation that they had no history of Eustachian tube disorders (either ET dysfunction or patulous ET). To conWrm normal ET function, tympanometry was performed prior to study participation with the requirement that a type A tympanogram be obtained. Subjects in the ET dysfunction group were under the clinical care of one author (MHM) and had documented diYculty ventilating the middle ear. Some subjects previously underwent myringotomy tube placement to treat the sequelae of ET dysfunction, but all were free of tubes at the time of participation. Subjects in the patulous ET group were under the clinical care of one author (MHM) and had documented symptoms of patulous ET, including aural fullness and autophony. Subjects with patulous ET also had supporting evidence on tympanometry, including a baseline positive pressure and/or a positive sniV test, which evaluates the ability of the ET to protect the middle ear from high pressures in the nasopharynx [25] .
Subjects were placed in a supine position on a CT scanning table. Using scout images, the neck was extended so that the ET was perpendicular to the axis of the table such that cine images were acquired parallel to the ET (Fig. 1) . When positioning the subject's head, we looked for the angle from the Xoor of the external auditory canal to the pterygoid hamulus. Subjects were instructed to swallow repeatedly while scans were taken. In nine subjects, 16 contiguous 2.5 mm CT slice locations were chosen through a 4 cm area in the nasopharynx that were parallel to and encompassed the entire ET. Twelve cine images were acquired at each slice location over 4.8 s (0.4 s images) during swallowing and other tasks designed to elicit ET opening. Serial images were analyzed to determine how air traversed the ET during these actions. Sixty-four 0.625 mm scans over a 4.0 cm area were obtained in one subject. Additional tasks included Valsalva maneuver and volitional jaw movement. A scan Weld-of-view of 16 cm was used along with a matrix of 512 £ 512. This produced a spatial resolution of 0.3 mm.
Results
Sequential movement of an air bolus could be seen in the images obtained for all subjects. Passage of the air bolus was clearly observed in normal subjects ( Fig. 2 ; online resources 1, 2). The degree of opening appeared to be enhanced by contraction of the medial and lateral pterygoid muscles (online resource 1). Volitional jaw movement by one normal subject resulted in tensing of the medial and lateral pterygoid muscles, slight condylar movement, and dilation of the ET ( Fig. 3; online resource 3) . Swallowing under Valsalva pressure also produced changes in the degree of ET opening, enhancing opening at the pharyngeal oriWce.
Images obtained from subjects with ET dysfunction displayed several aberrant characteristics ( Fig. 4 ; online resources 4, 5). First, the size of the air bolus passing through the ET was either discernibly smaller or completely absent. Second, there was little, if any, observable medial pterygoid movement. Opening at the pharyngeal oriWce appeared normal. In the subjects with patulous ET, the size of the air bolus appeared larger compared to normal subjects ( Fig. 4 ; online resource 6).
Discussion
A new mechanism of ET opening is proposed that is supported both by the images obtained in this study as well as previous experiments on ET physiology. An air bolus was visible in all normal subjects as well as the two subjects with patulous ET, but not visible in the three subjects with ET dysfunction. The size of the bolus varied across subjects, but tended to be larger in the two subjects with patulous ET. Due to the relatively low sampling rate used in this study, it is possible that the maximal air bolus volume was not visualized. Sequential peristaltic-like movement of a discrete air bolus through the ET, accompanied by contraction of the TVPM, LVPM, and medial and lateral pterygoid muscles, may explain these Wndings. This is the Wrst study applying cine CT imaging to visualize the ET. The resolution oVered by the scanner combined with the ability to take rapid sequential scans makes this a potentially valuable tool for studying ET physiology. Applying this technique on a larger scale to more subjects and additional disorders could be beneWcial. There are several limitations of this study and these limitations will be the focus of future investigations. There was some diYculty in positioning the head. This diYculty could be ameliorated either by placing subjects in an upright sitting position, as in Kikuchi et al. [26] , or creating a frame which puts the subject's head at the correct angle for optimal visualization of the ET. While the stages of opening could be observed in our images, they could not be observed during the sequence of a single opening. Increasing the sampling rate of the cine CT may provide additional insight into the mechanism of ET ventilation. We examined subjects in a supine position, but future studies with improvement in CT technology could potentially examine subjects either in an elevated, upright, or prone position. Ingelstedt et al. found that the mean volume of air passing through the ET was reduced by one-third when the body was elevated twenty degrees to the horizontal and by two-thirds when the body was in the supine position [27] .
Taking cine images of subjects in an upright position may oVer a more representative picture of ET function.
A sequential peristaltic-like mechanism potentially resolves several questions arising from ET function testing. The nine-step inXation-deXation test uses a tympanometer to measure the ability of the ET to normalize overpressure, with three swallows typically being required to normalize a relative negative pressure of 300 mmH 2 O [2, [28] [29] [30] [31] . If the ET opened completely along its length, one swallow would likely to be suYcient for pressure equalization. Similarly, anomalous poor sound passage on sonotubometry in patients with no history of ear disease and presumably normal ET function [2] could be explained by the peristalticlike mechanism. The ET opening mechanism of those patients exhibiting poor sound passage may be suYciently slow to dampen the inputted sound. Increasing CT sampling rate, as mentioned previously, may allow for examination of ET opening duration and the eVects of slow opening on sonotubometry.
Leuwer et al. [20] used functional 3-D reconstructions to evaluate the eVect of the medial pterygoid muscle on ET opening, Wnding that contraction of it increased the force of the TVPM on the tympanic ET The upper portion of the medial pterygoid provides support to the anterior Eustachian tube [20] [21] [22] . Those Wndings were supported by results Fig. 4 Comparison of air bolus in normal subject (subject 4) (a), subject with patulous Eustachian tubes (subject 7) (b), and subject with Eustachian tube dysfunction (subject 9) (c). Relative to the normal subject, the air bolus is visibly larger in the subject with patulous Eustachian tubes and absent in the subject with Eustachian tube dysfunction from three subjects in this study, including one who used volitional pterygoid movement to open his ET in the absence of swallowing (Fig. 3) . Though a patulous ET resulting from cachectic weight loss has previously been attributed to decreased size of Ostmann's fat pad, wasting of the muscles which control the ET, including the medial pterygoids, may be the underlying or a contributing cause. The ability to enhance ET opening could be utilized clinically as a conservative approach to address mild ET dysfunction. Training the patients how to contract the medial pterygoid could promote ET opening and pressure equalization, potentially preventing the severe complications associated with chronic ET dysfunction. This technique could also be used in patients with dysphagia, for whom swallowing may not result in reliable ET opening. Such a maneuver would likely be of greater beneWt to patients with musculoskeletal ET dysfunction than with mucociliary ET dysfunction. Future studies combining electromyography, sonotubometry, and visual assessment of the ET via CT or transnasal endoscopy may further elucidate the eVect of medial pterygoid contraction on ET opening and the degree to which it can alleviate ET dysfunction.
In addition to medial pterygoid movement, lateral pterygoid movement was also observed. This occurred not only in the subject performing volitional jaw movement, but also another subject performing normal swallows. While lateral pterygoid contraction would be necessary for a subject to protract the mandible, such movement is not intuitively necessary for swallowing. The lateral pterygoid appears to border and enhance dilation of the tympanic ET, though it is not as closely associated with the ET as the medial pterygoid. To our knowledge, a potential role of the lateral pterygoid in ET ventilation has not been discussed; however, the CT images taken at the level of the ET in this study appear to provide support for such a role. Contraction of the medial and lateral pterygoids may alter the convexity of the anterolateral ET, thus allowing TVPM contraction to have a greater eVect. It is important to note that contraction of the pterygoid muscles appears to be neither necessary nor suYcient for ET ventilation; however, it may have an ampliWcatory role.
ReWned knowledge of the ET opening mechanism may lead to a better understanding of ET dysfunction and the development of more directed surgical treatments. In the patients with ET dysfunction, an air bolus was not readily observable ( Fig. 4 ; online resources 4, 5). There may be a volume at which ET opening can no longer equalize pressure. Determining this volume using cine CT imaging and tympanometry may be helpful when performing ET tuboplasty to allow for minimal damage while still ensuring good outcome. Developing an objective, quantitative method of analyzing these images will be the subject of future studies. At this time, the small size of the air bolus precludes accurate measurement using our standard CT imaging software. Improving measurement accuracy and measuring bolus volume using three-dimensional CT reconstructions could be of clinical and scientiWc interest. We created a reconstruction from one subject with patulous ET and could see the air bolus in two dimensions (Fig. 5) . Improving temporal resolution to see how this reconstruction changes through time would add further support for the proposed mechanism of ventilation. Decreased pterygoid movement was also observed in the subject with ET dysfunction. While this is not likely the primary underlying cause, it is possible that volitional pterygoid movement may enhance ET dilation and improve middle ear aeration.
Opening at the pharyngeal oriWce in two of the three subjects with ET dysfunction was not diVerent from that of the normal subjects; dysfunction was only apparent in the tympanic two-thirds of the ET. Poe has reported success in resolving ET dysfunction after ablating the pharyngeal oriWce of the ET. As the pharyngeal oriWce in the subject in this study appeared normal, it is unclear what beneWt pharyngeal ablation would have on his ET dysfunction. Therefore, there may be two types of ET dysfunction: pharyngeal and tympanic. Patients with tympanic ET dysfunction may account for the cases in Poe's study [12] which were not resolved by laser tuboplasty. These patients may not have diYculty in capturing the air bolus in the pharyngeal ET, but the bolus cannot reach the tympanic ET and middle ear. Such patients may beneWt from tympanic ET dilation. Compromised medial pterygoid function may be indicative of tympanic ET dysfunction, as the medial pterygoid normally enhances the action of the TVPM [20] , which acts more posterolaterally than the LVPM. Patients with pharyngeal ET dysfunction may have diYculty in capturing the air bolus. Surgical dilation of the pharyngeal oriWce may facilitate capturing the air bolus, which can then traverse the ET and reach the middle ear. It would be beneWcial to take cine CT images before and after tuboplasty to determine if the procedure facilitated air bolus capture and travel through the ET.
